The effect of water-surface discharge on the inactivation of Bacillus subtilis ATCC6633 in water was examined by using a very short high-voltage pulse generator. The surviving number of spore cells at 10 4 CFU/ml in initial concentration exponentially decreased with increasing discharge-treatment time. The input energy into the water-surface discharge under an O 2 gas flow for reduction in the survival number to 10% was lower than that under an air flow because many oxidation agents such as ozone and OH radical were produced under the O 2 gas flow.
Under low nutrient conditions, microorganisms usually stop their exponential increase and finally lose viability via the lysis process. However, spore-forming bacteria can reversibly transform from the vegetative state to dormant spore state in response to nutrient-poor conditions. Spores are stable against various physicochemical stressors because this inside is intensively protected by many layers: the exosporium, outer membrane, inner membrane and cortex. The contamination by spores in the manufacturing process for drinking water induces a serious problem. It is therefore important to develop a new technique for water sterilization without using chemical additives from environmental and hygienic viewpoints.
Bacillus subtilis is one of common spore-forming bacteria and has been studied for the biochemical properties in the spore state and vegetative state. For example, the barrier effect of the spore coating on defense against several factors (enzymes, chemicals and UV photons) has been investigated by many researchers. [1] [2] [3] [4] [5] [6] [7] [8] Among the sterilization procedures, ozone is known to be effective for spores without leaving any toxic residue. [9] [10] [11] [12] [13] The mechanism is considered to be ozone killing bacteria via membrane damage and subsequent cell lysis. 13) Ozone injection is therefore widely used for the sterilization of microorganisms and decomposition of organic compounds in waste-water. Ozone gas is usually produced by a dielectric barrier discharge in a plasma chamber, a so-called ozonizer, and is then transported into water.
It is well known that the OH radical is one of the strong oxidation agents. Electrical discharge under humid conditions can produce not only ozone but also OH radicals. 11, [14] [15] [16] [17] [18] [19] [20] However, OH radical injection into water with microorganisms is very difficult because the life time of the OH radical is too short to transport from a plasma chamber to another chamber. In order to achieve water sterilization by using OH radicals, the microorganisms in the water should be directly exposed to an electrical discharge.
From a physical point of view, discharge phenomena can be classified into such modes as dc corona, ac corona, 15) RF (radio-frequency) discharge, 21, 22) arc discharge (high-temperature plasma) and pulsed streamer discharge (non-equilibrium plasma). 23, 24) Considerable attention has recently been paid to a sterilization technique for microorganisms in water by using a streamer discharge produced by very short voltage pulses because of its low energy consumption. 21, [25] [26] [27] [28] [29] However, the decomposition process for biomolecules during a pulsed-discharge treatment are not known.
The purpose of this study is to clarify the effects of oxidation agents produced by a pulsed water-surface discharge on the inactivation of B. subtilis in water. Spore cells at 10 4 CFU/ml or 10 7 CFU/ml in initial concentration and vegetative cells at 10 6 CFU/ml in initial concentration were prepared for the discharge treatment. DNA damage was measured before and after the discharge treatment for both the spore and vegetative cells. In addition, total protein was also measured for the vegetative cells.
Materials and Methods
Preparation for each cell. The strain used in this study was Bacillus subtilis ATCC6633. Spores of 10 4 CFU/ml and 10 7 CFU/ml and y To whom correspondence should be addressed. Fax: +81-89-927-9790; E-mail: kadowaki.kazkunori@eng.ehime-u.ac.jp
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Commercially available spore cells were directly used for the test at a low initial concentration. The spore sample was obtained from Eiken Chemical Co. Spores were suspended in an autoclaved plasma chamber filled with 1 liter of distilled-water just before the discharge treatment. The initial concentration of the spores was 1{7 Â 10 4 CFU/ml. This is considered to be the low-concentration experiment. In order to obtain a large number of spore cells, vegetative cells were cultured with 2 Â SG medium 30) with d-glucose and d-ribose (5.7 mmol/liter of total carbohydrate concentration for both) for 12 d at 37
C. After 12 d of incubation, the vegetative cells had completely become dormant again due to lack of nutrients. No vegetative cells could be seen at this time under a microscope. These spores were kept for a further 12 d at 4
C. The spore cells were used in the highconcentration experiment at 1 Â 10 7 CFU/ml. The vegetative cells were cultured in a medium with 0.25% yeast extract, 0.1% tryptone and 0.1% glucose (pH 7.1). Vegetative cells were prepared by a 27-h culture and complete vegetation confirmed by a microscopic observation. The vegetative cells were washed and then added to 1 liter of distilled water in an autoclaved plasma chamber just before the discharge treatment. The initial concentration of the vegetative cells was 1 Â 10 6 CFU/ml.
Procedure for the discharge treatment. Many kinds of discharge treatment have been proposed for water sterilization during the last three decades. In this study, we present a new technique for highefficiency discharge treatment. An advantage of our system is that a large number of micro plasma channels can be produced from a screw electrode by a low applied voltage with very short width, because the voltage is applied to the flowing-water layer within the very short electrode gap without any breakdown of the water.
The principle of a repetitive-voltage pulse generator is based on the propagation of a polarity-reversed traveling wave along pulse-forming cables which are charged and then directly grounded. 23, 31) In this study, two parallel coaxial cables of 5 m in length were used as pulse-forming cables. When the cables were charged by a dc high voltage source and then directly grounded at one end of the cables, a very short voltage pulse was applied to the electrode gap in a plasma chamber at the other end of the cables. Since the pulse width of the voltage corresponds to the oscillation time of the traveling wave, a 50-ns width voltage pulse is produced by the 5 m cables. The circuit condition for impedance matching between the cables and the plasma chamber has been described in our previous studies in detail. 32 ,33) Figure 1 shows a general view of the plasma chamber. Before the discharge treatment, the chamber was autoclaved for sterilization. A stainless steel disk of 140 mm in diameters was set in the chamber as a grounding electrode. One liter of the test water was spread over the disk electrode from a slit-like nozzle and it circulated at 6.0 liter/min flow by a peristaltic pump. A stainless steel screw rod without a head (5/16 inch diameter, 1.41 mm pitch, 100 mm length) was set in front of the slit. The gap between the screw and the disk surface was adjusted to 1.0 mm. The thickness of the water layer should be less than the electrode gap. If the thickness becomes larger than the gap, the screw electrode is immersed in water so that the streamer initiation voltage becomes very high. The water-thickness was set to approximately 0.5 mm in all experiments.
A voltage pulse was repeatedly applied to the gap with a repetition rate of 200 pps (pulse per second). The effect of gas components in the chamber on the energy efficiency for sterilization was evaluated. Gases were injected from a gas inlet into the chamber at 1 liter/min. The ozone concentration in the chamber was measured by a PG-320A ozone monitor (Ebara Jitsugyo Co.) at the gas outlet of the chamber. The applied voltage and discharge current were measured by a P6015A high-voltage probe (Tektronix Co.) and a Model 2878 current monitor (Pearson Co.) and recorded on a TDS7104 digitizing oscilloscope (Tektronix Co.). The input discharge power into the plasma was calculated from these data. The input power was only 4 W for 5-kV charging with a 200 pps repetition rate. It is well known that the streamer discharge produced by a very short voltage pulse forms a nonequilibrium plasma in which the electron temperature is much higher than the ion temperature and molecular temperature. Therefore, the temperature rise of the water can be restricted by using a very short voltage pulse. We confirmed that the temperature of the water after a 1-h discharge treatment remained under 40 C, therefore, thermal stress of the cells is not an important factor in the inactivation mechanism.
Colony forming unit (CFU) assay and microscopic observation. To evaluate the time constant for an exponential decrease in the surviving cell number, the time for a cell reduction to 10% (d-reduction time) was measured by a CFU counting assay. During a 60-min discharge treatment, 1 ml or 10 ml of water flowing in the chamber was repeatedly collected by using a sterilized cylinder at 10-min intervals and used to dilute the BBTTM with culture medium (BD Co., SalineNormal) by 10-fold dilution. One ml or 10 ml of the diluted sample was mixed in PARLKORE standard agar medium (Eiken Chemical Co.) in sterile S Shale (Eiken Chemical Co.), and then incubated at 37 C for 48 h with gentle inverted shaking. The number of CFU per unit volume was plotted on a semi-logarithmic graph as a function of the treatment time.
To examine the morphological change of the cells, a microscopic observation was carried out on the cells before and after the discharge treatment. Cells on a slide glass were stained with crystal violet to observe the cell morphology using a BX60 microscope (OLYMPUS Co.) with a Â1000 magnification.
Ozone injection without water-surface discharge. To clarify the influence of ozone exposure of the cells in water, the ozone injection method without water-surface discharge was examined. Ozone gas from an ozonizer was introduced into the chamber at a 1 liter/min flow rate. The d-reduction time of spore cells in the ozone injection method was compared with that for the surface-discharge treatment. Sodium dodecyl sulfate-polyacryl amide gel electrophoresis (SDS-PAGE). One mg of discharged cells was suspended in 100 ml of a sample buffer (0.125 m Tris-HCl (pH 6.0), 100 mm dithiothreitol (DTT), 0.008% bromophenol blue, 4% SDS and 10% sucrose) and then vigorously vortexed for 1 min. After incubating at 95 C for 3 min, 10 ml of the supernatant was applied with 4.5% condensation gel and 10% separation gel. The gel was stained by Coomassie brilliant blue after electrophoresis.
DNA extraction and agarose gel electrophoresis. The DNA degradation profile was observed for the vegetative cells and highconcentration spore cells. DNA was extracted from the discharged cells by using an Ultra CleanÔ Microbial DNA Isolation kit (MoBio) after a lysozyme (5 mg/ml). The DNA concentration was determined by measuring the optical density at 260 nm. A 200-ng portion of DNA was applied to 0.8% agarose gel and a Tris acetate-EDTA buffer (pH 8) was used for the electrophoresis for 30 min under dc 100 V. Size marker was /Hin d III.
Results and Discussion
Input discharge energy for D-reduction Figure 2 shows typical oscillograms of applied voltage vðtÞ produced by the pulsed power system with 5-kV charging, discharge current iðtÞ and discharge power pðtÞ. Cumulative input energy WðTÞ for the discharge treatment time T with pulse repetition rate N can be expressed as
The maximum discharge power exceeds 200 kW as shown in Fig. 2 . However, the input energy density into water per second was at least 4 mJ cm À3 s À1 because of the short width of the voltage pulse.
The relationship between the number of CFU/ml and the discharge treatment time for O 2 gas is shown in Fig. 3 for the high-concentration spore cells at 10 7 CFU/ml, for the low-concentration spore cells at 10 4 CFU/ml and for vegetative cells at 10 6 CFU/ml. For the low-concentration spore cells, a 10-min treatment reduced the cell survival number by 2 orders of magnitude, whereas it did not reduce the high-concentration spore cells. The d-reduction time may depend on the initial cell concentration. It is interesting to note that the d-reduction time for vegetative cells was slightly longer than that for the low-concentration spore cells, in spite of the spore cells being more highly resistant to physicochemical stress than vegetative cells. According to Thanomsub et al., damage to B. subtilis vegetative cells by an ozone treatment is affected by the initial concentration of the cells in water. 12) They have shown that no activated cells were apparent after 30 min of ozone exposure for test water with an initial concentration of 10 3 -10 5 CFU/ml. At 10 6 and 10 7 CFU/ml, however, ozone did not show effective activity against the vegetative cells, even after 150 min of treatment. This was because copious cell debris or intercellular components induced ozone quenching and decreased the activation efficiency. 34, 35) The initial concentration of vegetative cells in our study was 10 6 CFU/ml, whereas that of the low-concentration spore cells was 10 4 CFU/ml. Therefore, the d-reduction time for the vegetative cells was relatively long, although the tolerance of the spore cells was much higher than that of the vegetative cells. 36) The reason for no reduction in the high-concentration spore cells at 10 7 CFU/ml would have been due to the quenching effect.
The d-reduction time is influenced not only by the initial concentration, but also by the pulse repetition rate. In a preliminary experiment using a simple electrode system (point-plane electrodes), we confirmed that the d-reduction time tended to decrease with increasing repetition rate within 200 pps. If the d-reduction time is roughly proportional to the repetition rate beyond the range of 10 3 pps, a shorter-time treatment would be Low-concentration spore; high-concentration spore;
vegetative.
allowed by using a higher repetitive pulsed power system. However, the relationship between d-time and the repetition rate over a wide range is not clear at this stage. The input energy density for D-reduction was 1.0 J/cm 3 for the low-concentration spore cells and was 2.5 J/cm 3 for the vegetative cells. Ghazala et al. have reported that the energy density for d-reduction of B. subtilis vegetative cells was up to 40 J/cm 3 by using a pulsed streamer discharge in water. 36) The reason for the smaller energy consumption by our method is attributed to two advantages. One is that a very short voltage pulse conserves energy, since the input energy is obtained by integration of the discharge power during the voltage application time which proportionally decreases with decreasing pulse width. When a point electrode was used as the upper electrode instead of the screw rod, a much longer pulse was required to expand the volume of plasma. It is important that the screw electrode allows the pulse width to be reduced because a large number of micro plasma channels from the tip of the threads on the screw rod can be produced within several ten ns. In addition, it was found that the very short pulsed discharge did not produce HNO 3 and HNO 2 , even if the discharge treatment was carried out in air. Application of a longer pulse voltage resulted in a reduction of pH of the water. Since the production probability of nitrogen radicals in the plasma increases with increasing input energy into the plasma, the concentration of nitric acid ions in the discharged water should decrease with decreasing voltage pulse width.
Another advantage is that many oxidation agents are produced by the surface discharge and they accelerate the degradation of biomolecules. The input energy for the production of oxidation agents by the streamer discharge in bulk water is higher than that by the watersurface discharge with an O 2 gas supply. These two advantages achieve energy conservation by using the pulsed-surface discharge.
Effect of an ozone treatment without discharge exposure Figure 4 shows the temporal change in concentration of ozone gas produced by the water-surface discharge in the plasma chamber filled with O 2 or air under 5 kV or 7 kV charging conditions. The ozone concentration increased with increasing treatment time and tended to become saturated. The results show that the ozone concentration in O 2 gas at 7 kV was much higher than that at 5 kV. On the other hand, the ozone concentration in air was very low, regardless of the charging voltage. Under such conditions, the d-reduction time for the lowconcentration spore cells was examined (Fig. 5) . If inactivation of the spore cells is caused by ozone exposure, d-reduction time for 7 kV charging with O 2 gas could be expected to be much shorter than that for 5 kV. However, no significant difference in the d-reduction time between 5 kV and 7 kV with O 2 gas was apparent. The input energy density for D-reduction was 1 J/cm 3 in O 2 gas for both 5 kV and 7 kV. It should be noted that the energy density for D-reduction in air was 4 J/cm 3 , although the ozone concentration in the chamber with air was extremely low. This fact suggests that the oxidation agents for inactivation were not only ozone but also other active species such as H 2 O 2 and OH radicals. In Fig. 5 , the relationship between the number of CFU/ml and the treatment time for ozone injection is also plotted. The ozone concentration in the injected gas from the ozonizer was set at 1100 ppm. Although the dense ozone gas was continuously introduced into the chamber at 1 liter/min for 50 min, the d-reduction time exceeded 40 min. We have reported in a previous study that the spectrum of the water-surface discharge with O 2 gas scarcely included UV components around 250 nm, although an intense 310 nm light caused by OH radical excitation was detected. 23) These results demonstrate that the outer layers of the Gram-positive bacteria were damaged by reactions not only with ozone, but also with OH radicals.
Morphology of the cells
Micrographs of B. subtilis before and after the 60-min discharge treatment with O 2 are shown in Fig. 6a and b for vegetative cells and in Fig. 6c and d for the highconcentration spore cells. Thanomsub et al. have reported that ultrastructural changes, cell deformity, cell destruction and cell debris were observed for B. subtilis vegetative cells after a 60-min ozone exposure. 12) In the micrograph of vegetative cells after the discharge treatment, little change in cell morphology was apparent as shown in Fig. 6a and b . In the case of spore, small dark spots corresponding to the spore cells can be seen in Fig. 6c and d . The spore coat was not stained dark, which indicates that all cells were at the spore stage. No difference was observed in the morphology between before and after the discharge treatment for 60 min.
Protein and DNA damage Figure 7 shows change in proteins of the vegetative cells by SDS-PAGE analysis. The intensity of the protein bands clearly decreases with increasing discharge treatment time, and had completely disappeared after 30 min of discharge. It is important that the sterilization of vegetative cells by discharge treatment with O 2 had been completed within 30 min as shown in Fig. 3 . These results confirm that the water-surface discharge can provoke protein lysis and final disappearance of the vegetative cells. It has been reported that killing of B. subtilis vegetative cells by ozone gas exposure proceeded by destruction of the cell membranes and subsequent cell lysis. 12) Young and Setlow have suggested that the main factor in killing B. subtilis in the spore state by aqueous ozone was not only DNA damage but also damage to the spore's inner membrane. DNA for vegetative cells was shorter than that for the high-concentration spore cells. As shown in Fig. 8a , the DNA band of the vegetative cells had disappeared after 30 min of discharge, this being similar to the protein decomposition shown in Fig. 7 .
DNA degradation of the high-concentration spore cells also proceeded with the discharge treatment. However, no complete DNA degradation was observed, even for the 60-min sample, suggesting that DNA packed in the spore cells at high concentration was resistant to the discharge. The retained DNA should explain the highconcentration spore cells still surviving after 60 min of discharge (Fig. 3) . The high stability of DNA in the highconcentration spore cells is based on the quenching effect of ozone and OH radicals due to the dense concentration and on the general properties of the spores, such as the low water activity and concentrated DNA.
The mechanism for DNA cleavage caused by the discharge treatment is still not clear in detail. In particular, the effect of the pulsed electrical force (PEF) on enzyme activation and DNA damage is unknown. 37, 38) When considering water hygiene, further research will be required to understand the influence of a pulsed streamer discharge on the damage to bacterial DNA.
